Bulky DNA adducts are biomarkers of exposure to aromatic compounds and of the ability of the individual to metabolically activate carcinogens and to repair DNA damage. Their ability to predict cancer onset is uncertain. We have performed a pooled analysis of three prospective studies on cancer risk in which bulky DNA adducts have been measured in blood samples collected from healthy subjects (N 5 1947; average follow-up 51-137 months). In addition, we have performed a meta-analysis by identifying all articles on the same subject published up to the end of 2006, including case-control studies. In the pooled analysis, a weakly statistically significant increase in the risk of lung cancer was apparent (14% per unit standard deviation change in adduct levels, 95% confidence interval 1-28%; using the weighted mean difference method, 0.15 SD, units higher adducts in cases than in controls). The association was evident only in current smokers and was absent in former smokers. Also the meta-analysis, which included both lung and bladder cancers, showed a statistically significant association in current smokers, whereas the results in never smokers were equivocal; in former smokers, no association was detected. The results of our pooled and meta-analyses suggest that bulky DNA adducts are associated with lung cancer arising in current smokers after a follow-up of several years.
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Introduction
Bulky DNA adducts are markers of exposure to aromatic compounds and of the ability of the individual to metabolically activate carcinogens and to repair DNA damage (1) . Experimental studies on animal models have highlighted the central role of DNA adduct formation in tumorigenesis (1) . Polycyclic aromatic hydrocarbons (PAHs) are one of the major classes of carcinogens present in the environment capable of forming DNA adducts. Human studies show a clear doseresponse relationship between occupational exposure to PAH and the levels of DNA adducts in lymphocytes of workers (2, 3) . Studies on the association between tobacco smoke and adducts have yielded inconsistent results (1, 4, 5) . Some studies reported a negative correlation of DNA adducts with the consumption of fruit and vegetables and with the intake of flavonoids (6) (7) (8) (9) (10) . A study undertaken in New York City after the events of 11 September 2001 found a direct relation between the amount of DNA adducts in umbilical cords of newborn children and proximity to the World Trade Center (11) . When unrepaired, DNA adducts can cause mutations, including mutational hotspots in the p53 tumour suppressor gene and other genes, that may ultimately induce cancer formation.
High DNA adduct levels have been suggested to be predictive of lung cancer risk (12) , consistent with the suspected role of PAHs in lung carcinogenesis (1) . We present here the results of a pooled analysis of the three prospective studies currently available in which bulky DNA adducts have been measured in blood samples collected from healthy subjects. In addition, we have performed a meta-analysis including all articles on this subject published up to the end of 2006, including case-control studies.
Methods

Pooled analysis
We have identified three prospective longitudinal studies in which bulky DNA adducts were measured with similar techniques and incident lung cancer was considered as an outcome. We contacted the principal investigators of these studies and had access to the original data sets. Individual data on adduct levels, case/control status, age, gender, ethnicity, batch and smoking habits were collected. The studies are as follows: (i). Genair (GA), a nested casecontrol study within the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort (current smokers and former smokers since ,10 years excluded) (13); (ii) the Danish prospective Diet, Cancer and Health cohort study (DK), with a case-cohort design (14) and (iii) a nested case-control study within the Physicians' Health Study (US) (15) . In each study, bulky DNA adducts were measured by the 32 P-post-labelling method, although in the GA and US studies enrichment of bulky adducts before labelling was achieved by means of nuclease P1 digestion, whereas butanol extraction was used in the DK study. In each study, subjects were enrolled after signing informed consent. Data sets were transferred to the ISI Foundation for analysis after being anonymized.
There were large differences in the mean levels of adducts in the three studies ($0.7 adducts per 10 8 bases in GA, 0.2 in the DK study, and $7 in the US study). To overcome this, data were normalized after pooling assuming different measurement units in the different laboratories, according to the following formula:
where RAL 5 relative adduct labelling; Mean ic and SD ic 5 mean and standard deviation of the control group in the ith batch. Differences in mean values may be due to different experimental protocols and/or procedures for quantification; these factors are discussed later. The rationale for using normalized values and quartiles to standardize genetic pooled analysis has been put forward previously by several authors and this approach has become common practice (3, 16, 17) .
Meta-analysis
The Medline database was searched for the period between 1993 and July 2006, with the aid of manual bibliography review. The studies to be included had to conform to the following criteria: (i) case-control or cohort studies comparing bulky DNA adduct levels in cancer patients and control subjects and (ii) separate comparisons for current, former and never smokers. We excluded specific adducts such as those formed by aflatoxin or cytostatic drugs. Nine studies were included that matched the selection criteria (7,13-15,18-22) for a total of 1028 cases and 1084 controls. Most studies were case-control Abbreviations: CI, confidence interval; GA, Genair; PAH, polycyclic aromatic hydrocarbon; RAL, relative adduct labelling; WMD, weighted mean differences. studies (only on lung and bladder cancer), and three were cohort studies (the same included in the pooled analysis).
Quality of the studies
We used three criteria to evaluate the quality of the studies and assigned scores on this basis (1 lowest, 3 highest; score 1 if information unavailable): A 5 population-or hospital-based study; B 5 response rate and C 5 blinding of procedures and consideration of confounders. Results of assessment are as follows: Popp (22) A2 B1 C2, average 1.7; Tang (18) A2 B3 C3, average 2.7; Hou (20) A3 B3 C3, average 3; Cheng (19) A1 B1 C2, average 1.3; Peluso (7) A2 B3 C2, average 2.3; Vulimiri (21) A2 B1 C2, average 1.7; Tang (15) A3 B3 C3, average 3; Peluso (13) A3 B3 C3, average 3 and Bak (14) A3 B3 C3, average 3. The three cohort studies included in the pooled analysis were in the highest qualitative score category.
Statistical analysis
In the pooled analysis, the adduct levels were standardized by dividing, within each study, means and standard deviations by the average of the control groups. Therefore, standardized means in the control groups were set to one in all the studies. In one article (21), the standard deviations were not reported explicitly and had to be computed from the results of the t-test. The pooled analysis was based on an unconditional logistic model after the normalization described above. Odds ratios and their 95% confidence intervals (CIs) were computed (i) by using normalized adducts as a continuous variable and (ii) for quartiles (reference category first quartile), after adjustment by sex, age, centre, batch and smoking habits (23) .
In the meta-analysis, a slightly different method of standardization was used in order to provide results coherent with our previous meta-analysis (12) : all means and standard deviations were divided, within each study, by the means of the control groups (12) .
The meta-analysis was carried out using the RevMan 4.1 software, available through the Cochrane Library.
In both pooled and meta-analyses, we have computed standardized weighted mean differences (WMD) between cases and controls in each study and the overall WMD. For each WMD, we computed 95% CIs. Heterogeneity among studies was tested with Breslow-Day's test (23) , and a random-effect model was used to account for interstudy variability (24) . For the pooled analysis, a covariance analysis on standardized adduct levels, adjusting for study, smoking status, age, gender and for the interaction between gender and case/control status, was performed.
Results
Pooled analysis
Overall, 1200 subjects were included from the GA study, 500 from the DK study and 247 from the US study. The mean age at recruitment was 61 years in GA, 58 years in the DK and 62 years in the US study; the median length of follow-up was 51 months in the DK study, 72 months in GA and 137 months in the US study. One of the studies (13) enrolled only former or never smokers; therefore, it could not be included in the analysis of current smokers. Table I shows the results for the association with lung cancer. A statistically significant association between adduct levels and the risk of lung cancer is apparent, with an increase of 14% per unit standard deviation change in adduct levels. The association appears stronger in women than in men but the difference is not significant in a heterogeneity test (P 5 0.14). The association is apparent in current smokers, absent in former smokers and equivocal in never smokers. In the latter, the shape of the dose-response relationship is equivocal when risk is estimated by quartiles. Geometric means of adducts (RAL) Figure 1 shows the WMD between cases and controls after standardization as described above. A statistically significant excess of adducts in cases over controls is apparent (þ0.15 SD, units).
Meta-analysis
The results of the meta-analyses are reported in Figures 2-4 , according to smoking habits (current, former, never smokers). For the metaanalysis, we used only weighted mean difference (WMD) and included also case-control studies, but the results for lung cancer are strictly comparable. Current smokers showed a statistically significant difference between cases and controls with cases having on average 73% higher levels of adducts than controls. Of nine studies included, six were consistent in reporting a difference, and all of them reached statistical significance. When only lung cancer was considered, the mean difference between cases and controls for current smokers was 0.79 (95% CI 0.33-1.25), the P value for heterogeneity was ,0.00001 and the P value for association was 0.0007. No association between adduct levels and the case status was observed in former smokers (Figure 3) , with complete consistency among investigations. When only lung cancer was considered, the mean difference between cases and controls for former smokers was À0.03 (95% CI À0.19 to 0.13), the P value for heterogeneity was 0.42 and the P value for association was 0.74. Results on never smokers were inconsistent; only two studies showed a statistically significant positive difference between cases and controls (one based on the measurement of adducts in the lung tissue and one based on measurements in white blood cells in bladder cancer cases and controls, ref. 18 ). Overall, the WMD for never smokers was 28%, not statistically significant and almost entirely attributable to the two studies mentioned above. When only lung cancer was considered, the mean difference between cases and controls for never smokers was 0.11 (95% CI À0.34 to 0.55), the P value for heterogeneity was ,0.0001 and the P value for association was 0.64.
Sensitivity analysis
Excluding the papers with a quality score ,2, we still had in Figure 2 four positive results out of five-the exception being Hou (20) . We performed another sensitivity analysis including only studies on lung cancer and excluding the investigation that measured adducts in lung tissue. In this case, the standardized difference for RAL was 66% (95% CI, 18-115) for current smokers, À3% (95% CI, À19 to 13) for former smokers and -9% (95% CI, À35 to 17) for non-smokers, results similar to those obtained in the overall analysis.
Discussion
We have pooled the results of three prospective studies (the only ones to our knowledge) in which bulky DNA adducts were measured with a similar method and lung cancer incidence was used as an outcome. By analysing overall 1947 subjects, we have considerably increased statistical power of the individual studies, and we can reach firmer conclusions. The importance of these studies rests on the measurement of adducts in blood samples that were collected years before cancer onset (with a mean follow-up between 51 and 137 months), meaning that the adduct level measurements are supposed not to be influenced by metabolic changes associated with an already existing cancer. We found a weak association between DNA adduct levels and lung cancer, which was more obvious in current smokers. When adduct levels were subdivided into quartiles, the overall dose-response relationship was non-linear, with an increase in risk estimates followed by a levelling-off. The same pattern was evident in current smokers, whereas no dose-response was found in former smokers, and the pattern was extremely irregular in never smokers.
The apparent levelling-off of the dose-response relationship is puzzling. Although it could be the effect of an artefact, mechanistic hypotheses can also be put forward. In fact, a levelling-off in adduct levels in relation to external measurements of PAH has been observed in a meta-analysis on occupational exposure to PAH conducted by one of us (3) . Also other investigations found a levelling-off of doseresponse relationships (25, 26) . The level of active PAH derivatives available for adduction depends on several variables that include the rates of activation and deactivation and DNA repair. Bulky DNA adducts represent exposure to PAH and other aromatic compounds after the action of metabolizing enzymes (phases I and II); they are in steady state if exposure is constant. In addition, their levels also reflect the action of DNA repair enzymes. One hypothesis that was put forward in the paper mentioned above (3) was that the levelling-off could be related to a saturation of the enzymes involved in particular in the activation of PAH (phase I enzymes). Dose-dependent patterns in DNA repair could also be involved. The role of individual susceptibility related to DNA repair is indirectly suggested by the observation that the lymphocytes of cancer patients (and of their healthy relatives) show higher levels of DNA adducts when treated with electrophilic chemicals compared with lymphocytes of non-cancerous individuals (27) . However, activation/deactivation and repair patterns can explain non-linearity in the relationship between external levels of exposure and adduct levels, although they cannot easily explain a levelling-off of cancer risk with increasing adduct levels. Finally, it should be considered that adducts in white blood cells only indirectly reflect adducts in the target organ.
For the meta-analysis, nine studies examining the association between cancer of the lung or of the bladder and the levels of bulky DNA adducts, according to smoking status, have been identified overall. A global 73% excess of adduct levels was found in cases compared with controls in current smokers (95% CI, 31-115%). No association between cancer status and DNA adduct levels was found among former smokers, whereas never smokers showed inconsistent results. These observations are based on much larger numbers than in the previous meta-analysis and are clearly in accordance with the findings of the pooled analysis.
There are some limitations to our model to be considered. In particular, the level of measurement error for bulky adducts is not well studied but seems to be high (coefficient of variation $20-30%; however, in the DK study the coefficient of variation was only 6% in replicate measurements in 500 samples). However, the effect of measurement error is to attenuate a relationship if error is evenly distributed in the comparison groups (28) . Thus, measurement error is expected to blur existing associations rather than to reveal false associations.
An important observation that requires explanation is the presence of a clear association only in current smokers and an equivocal association in never smokers, both in the pooled and in the meta-analysis. 'Former smoker' was only episodically defined in the studies; heterogeneity in the definition might have blurred the association with adducts in former smokers. An alternative explanation is that only current smokers have the relevant exposure, and the difference between cases and controls is the expression of genetic predisposition to cancer, possibly related to the ability to repair DNA damage. Induction of phase II enzymes in smokers but not in non-smokers could also contribute to the interpretation of the differences between the two. In addition, the adduct concentration on the DNA is affected by the rate of DNA replication because the new strand does not have adducts. Individual differences in cell division therefore affect adduct levels. This may be of particular importance for adducts measured in leukocytes (including immune reactions and leukocytosis). Smokers have manifestations of chronic inflammation that justify leukocytosis and changes in leukocytes.
Publication bias could justify the findings if small positive studies have greater chances of being published than small negative studies. However, there is no evidence of an association between the study size and the results: negative studies tend to be as small as the positive ones (Figures 2-4) .
As mentioned earlier, we have observed interstudy variation in the levels of adducts that were detected; variation was attenuated by normalizing the measures. Although an effort to compare and standardize laboratory procedures has been undertaken and published by a group of European researchers led by one of us (D.P.) (29) , more standardized measurements are needed in future investigations. A comparison of the protocols of the three prospective studies reveals several differences that could account for the different values for adducts levels reported. In the GA study (13) , adduct levels were calculated by relating the incorporation of radioactivity into adducts to the level of labelling of an aliquot of normal nucleotides removed from the DNA digest and labelled separately. In the US study (15) , adduct levels were calculated by relating radioactivity incorporated into adducts to the specific activity of the [c-32 P]adenosine triphosphate used, as determined by labelling a standard nucleotide on the same day. In the DK study (14) , adduct levels were also computed from the specific activity of the [c-32 P]adenosine triphosphate, but based on the value provided by the manufacturer; this value is always higher than that determined experimentally in the laboratory, which leads to a lower estimate of adduct levels. Other possible sources of interlaboratory variability are the choice of DNA digestion conditions, selection of sensitivity enhancement procedure [nuclease P1 digestion in two of the studies (13, 15) and butanol extraction in the other (14) ] and variations in the efficiency of the labelling reaction itself. Nevertheless, each study was conducted under internally consistent conditions, with a positive external control, such that comparisons between them can be made after normalizing the values.
An additional objection to our findings is that sound evidence about the fact that bulky DNA adducts represent mainly exposure to PAH is still lacking. In a recent study, the formation of bulky DNA adducts was examined using improved post-labelling procedures. Two different chromatography systems, e.g. high-urea or ammonium hydroxide systems, effective in the detection of aromatic DNA adducts were also employed to acquire more insights on the nature of the DNA adducts being measured by 32 P-post-labelling technique. A similar pattern and a similar average recovery of DNA adducts were obtained using urea or non-urea solvents, indicating that DNA adducts were likely induced by aromatic compounds, such as PAH and/or aromatic amines (30). 
DNA adducts and cancer risk
In conclusion, despite some methodological limitations, our pooled and meta-analyses suggest that current smokers with high levels of adducts may have an increased risk of lung cancer. 
